Context: The 12-lipoxygenase (12-LO) pathway produces proinflammatory metabolites, and its activation is implicated in islet inflammation associated with type 1 and type 2 diabetes (T2D).
I
slet inflammation is a key mechanism leading to functional b cell loss in both type 1 and type 2 diabetes (T1D, T2D). Proinflammatory mediators including cytokines and chemokines produced by immune cells, islet intrinsic molecules such as islet amyloid, and excess fatty acids from the circulation and released by lipases all contribute to islet inflammation (1) (2) (3) (4) (5) . These molecules activate cascades, including the inflammasome, toll-like receptors, and endoplasmic reticulum (ER) stress, which can lead to loss of functional b cells (2, (5) (6) (7) .
Proinflammatory lipid mediators generated from fatty acids, including arachidonic acid, are another important source of inflammation in islets under stress. In particular, the 12-lipoxygenase (12-LO) pathway (encoded by the ALOX12 gene) is the major LO enzyme in human islets and produces predominantly 12-Shydroxyeicosatetraenoic acid (12-S-HETE) (7, 8) . In the mouse islet, the functional pathways primarily producing 12-S-HETE include 12/15 LO encoded by the mouse Alox12 and mouse Alox15 genes (7) (8) (9) (10) . Increased expression of ALOX12 and related lipids has been demonstrated in human and rodent islets exposed to cytokines (7, 11) . In addition, although ALOX12 expression is very low in healthy control islets, expression increases significantly in prediabetic and T1D and T2D islet samples (12, 13) . 12-LO lipid products exert preinflammatory effects by activating downstream cytokines such as interleukin (IL)-12 or second messengers such as c-Jun N-terminal and p38 mitogen-activated protein kinase (p38-MAPK) (11, 14) . Furthermore, ALOX12 activation can lead to mitochondrial and ER stress (15, 16) .
The contribution of the 12-LO pathway in diabetes in mouse models has been tested using targeted knockout mice (17) (18) (19) (20) (21) . However, the in vivo functional role in mice or direct testing of the role of ALOX12 to protect human islets requires a highly selective ALOX12 inhibitor (21, 22) . The lack of a highly specific ALOX12 inhibitor has long been a limitation in the field; however, recent efforts in collaboration with the National Institutes of Health/National Center for Advancing Translational Sciences have led to the discovery of new chemical matter, including the structure-activity relationship studies of 4-((2-hydroxy-3-methoxybenzyl)amino) benzenesulfonamides, with the lead compound ML355 [reported as compound 35 in (22, 23) ] having submicromolar potency for 12-LO inhibition and greater than 50-fold selectivity relative to other LO enzymes (22, 23) . ML355 also has favorable in vitro absorption, distribution, metabolism, and elimination (ADME) and an in vivo pharmacokinetic profile; thus, it has potential for clinical application (22, 23 ).
In the current study, we used ML355 to pharmacologically improve the dynamic function and metabolism of human islets exposed to proinflammatory cytokines (PICs) and islets isolated from T2D donors.
Materials and Methods

Culture of human islets
Human islets from nondiabetic or T2D donors were received from the Integrated Islet Distribution Program or Prodo Laboratories (Aliso Viejo, CA) with approval from the institutional review board at Eastern Virginia Medical School. Characteristics of islets and donors are summarized in Table 1 . T2D status was determined by suppliers of islets. Islets were incubated in CMRL-1066 medium supplemented with 10% fetal bovine serum and 1% Pen-Strept overnight at 37°C in 5% CO 2 for recovery from shipment . On the next day, islets were transferred to CMRL-1066 supplemented with 5% fetal bovine serum and 1% Pen-Strept. A portion of the islets were randomly selected and incubated with a mixture of human PICs, 0.57 mmol/L tumor necrosis factor a, 5.9 mmol/L interferon-g, and 0.29 mmol/L IL-1b (all from BD Biosciences, San Jose, CA) in the presence or absence of 10 mmol/L ALOX12 inhibitor (ML355) for the indicated period. A group of islets was also incubated in the presence of 10 mmol/L p38-MAPK inhibitor (SB203580; Selleckchem, Houston, TX). ML355 and SB203580 were added 30 minutes before the addition of PIC. The synthesis and initial characterization of ML355 have been published (22, 23) .
Glucose-stimulated insulin secretion
Use of Krebs-Ringer buffer (KRB) for glucose-stimulated insulin secretion (GSIS) was previously published (24) . For batch assays, islets treated with PIC in the presence or absence of ML355 for 24 hours were transferred to KRB without glucose and were incubated for 1 hour at 37°C in 5% CO 2 in the absence of PIC or ML355. Thereafter, 50 islet equivalents (IEQs) per well were transferred to six-well plates filled with 1 mL of KRB containing 1 mmol/L or 18 mmol/L of glucose and were incubated for 1 hour at 37°C in 5% CO 2 . Each condition was performed in triplicate. After incubation, supernatant was collected for determination of insulin secretion by human insulin enzyme-linked immunosorbent assay (Mercodia, Winston-Salem, NC). Insulin from islet pellets was extracted with acidified ethanol as described to determine total insulin content (12) . The insulin stimulation index was defined as the ratio of insulin secretion in 18 mmol/L of glucose over 1 mmol/L of glucose. Islet perifusion was performed as published using 500 IEQ of human islets after 24-hour incubation with or without ML355 in the presence or absence of PIC (12) . In brief, islets were perifused with KRB containing 3 mmol/L of glucose followed by 23 mmol/L of glucose for 20 minutes and then 3 mmol/L of glucose. The samples were collected at 1 mL/min for human insulin measurement by enzyme-linked immunosorbent assay. The stimulation index was calculated as (average insulin secretion at 23 mmol/L of glucose)/(average insulin secretion at 3 mmol/L of glucose). The first-phase response was determined as (the average insulin secretion during peak 3 minutes of insulin response/the average secretion during 3 mmol/L of glucose). The second-phase response was determined as (the average insulin secretion between times 10 and 15 minutes of high glucose/the average secretion during 3 mmol/L of glucose). First/second is the ratio of the first and second phase responses as previously published (12) .
Oxygen consumption rate
Islets treated with PIC in the presence or absence of ML355 for 24 hours were transferred to a XF e 24 islet capture microplate at 200 IEQ per well, and an oxygen consumption rate (OCR) was obtained using XF e 24 Seahorse extracellular flux analyzer (Seahorse Bioscience, North Billerica, MA) according to the established protocol (25) , with the following modifications. Measurement was started with Seahorse XF base medium without glucose. After three cycles of measurements, the following four reagents were sequentially added through ports: 20 mmol/L glucose, 5 mmol/L oligomycin, 5 mmol/L carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), and 5 mmol/L rotenone, all at final concentration. Glucose response was defined as the difference between the highest OCR during the glucose phase and the OCR prior to glucose addition. Adenosine triphosphate (ATP) production was defined as the difference between the highest OCR during the glucose phase and the OCR at the end of the oligomycin phase. Maximal respiration was defined as the difference between the highest OCR during the FCCP phase and the OCR at the end of the assay. Islet culture and OCR were performed by separate individuals to avoid the introduction of bias. 
Western blot
Statistics
Data are presented as mean 6 standard error of the mean and were analyzed using one-way analysis of variance with Dunnett's posttest in comparison with control, Dunn's multiple comparison test, Student t test, or Wilcoxon matched-pairs 
Results
ML355 improved GSIS and increased insulin content of human islets treated with PIC
PIC exposure of human and mouse b cells upregulated the 12-LO pathway, and the inhibition of the 12-LO pathway was implicated in protecting the viability and function of human and mouse b cells after PIC exposure (24) . Therefore, we tested the efficacy of ML-335, a new, highly selective inhibitor of ALOX12 with a favorable ADME profile (22, 23) , in protecting human islets against the impairment of GSIS by PIC.
PIC treatment at the dose and duration used predominantly increased basal insulin secretion at 1 mmol/L of glucose and led to the reduction of further increases in insulin secretion at 18 mmol/L of glucose [ Fig. 1(a) ]. This is similar to data previously reported for human islets treated with PIC (26) . As a result, the stimulation index was significantly reduced in PIC-treated human islets [ Fig. 1(b) ]. Coincubation of ML355 with PIC did not affect the rise in insulin secretion with low glucose but markedly increased insulin secretion at 18 mmol/L of glucose [ Fig. 1(a) ]. Therefore, the stimulation index was significantly improved in ML355 plus PIC-treated islets vs PIC alone [ Fig.  1(b) ]. ML355 did not alter GSIS in human islets untreated with PIC [ Fig.  1(c) ]. During the 1-hour batch assay, 18 mmol/L of glucose increased the insulin content of control human islets twofold, whereas the increase was blunted in PIC-treated human islets [ Fig. 1(d) and 1(e) ]. ML355 treatment allowed human islets treated with PIC to increase insulin content in response to high glucose [ Fig. 1(d) and 1(e) ].
We also performed perifusion to determine the effects of PIC and ML355 on the first and second phases of insulin secretion. Control human islets demonstrated the robust first-phase insulin secretion typical of human islets [ Fig.  2(a)] (12) . PIC treatment blunted GSIS as seen by the reduction in the stimulation index and the first-phase response [ Fig. 2(a-e) ]. The second-phase response was also reduced for all samples except for one donor [ Fig. 2(f) and 2(g) ].
Coincubation of human islets with ML355 plus PIC preserved the simulation index and the first-phase response [ Fig. 2(a-e) ] and showed a trend for preservation for the second-phase response [ Fig. 2 (f) and 2(g)].
The inhibition of 12-LO improved oxygen consumption in human islets treated with PIC ATP production through oxidative phosphorylation and closure of the ATP-dependent potassium (K ATP ) channel is the key step in GSIS and couples glucose oxidation with insulin secretion (27) . We determined the effects of PIC and ML355 treatment on human islets using OCR measured by the Seahorse metabolic analyzer as an index of ATP production and mitochondrial health (25) . As shown in Fig. 3(a) , human islets were sequentially treated with 20 mmol/L of glucose, oligomycin, FCCP, and rotenone. Compared with control islets, PIC blunted the glucose-stimulated increase in OCR and basal ATP production. Maximum respiration also showed the trend of reduction with PIC [ Fig. 3(a) and 3(b) ]. ML355 prevented the reduction of OCR by PIC, indicating the preservation of mitochondrial functions.
We then tested whether ML355 improves insulin secretion at the step after the closure of the K ATP channel by measuring insulin secretion in response to glibenclamide [ Fig. 3(c) ]. ML355 treatment significantly increased insulin secretion stimulated by glibenclamide in human islets treated with PIC [ Fig. 3(c) ]. Thus, ML355 improved the secretory response of human islets treated with PIC at the steps leading to K ATP channel closure [ Fig. 3 (a) and 3(b)] and post2K ATP channel [ Fig. 3(c) ].
In agreement with a previous study performed with a much less selective inhibitor of ALOX12 (28), improvement in islet functions by ML355 was associated with a reduction in phospho-p38 MAPK. p38-MAPK is considered one of the important pathways responsible for b cell dysfunction by PIC and is upregulated by PIC. Because ML355 was tested against all major human kinases, including p38-MAPK, and did not directly inhibit it, the effect of ML355 on p38-MAPK is secondary to reduction of 12-LO products. In support of the contribution of p38-MAPK in b cell dysfunction after PIC exposure, the p38-MAPK inhibitor SB203580 also prevented the reduction of GSIS by PIC [ Fig. 3(e) ]. The insulin stimulation indexes of the ML355-treated group and the SB203580-treated group were 3.36 6 0.35 and 2.75 6 0.30, respectively, implying that the inhibition of p38-MAPK activation contributes to preservation of GSIS by ML355 [ Fig. 3(e) ].
Incubation (24 hours) with 12-LO inhibitor improved glucose responses of human islets from T2D donors
We previously reported an increase in ALOX12 expression in human islets from T2D donors (12, 13 ). Thus, we tested whether the inhibition of ALOX12 improved b cell function in human islets from T2D donors. In this prior study, we also reported that blunting of the first/second-phase response in perifusion was a useful index of first-phase insulin secretion in T2D human islets [ Fig. 4(a)] (12 ). All six donors tested showed improvement in first-phase/secondphase insulin secretion after preincubation with ML355 [ Fig. 4(a) and (b) ], whereas the improvement in the second phase of insulin secretion was not persistent [Fig. 4(c) ]. However, there was a positive correlation between improvement in first-phase secretion vs that of secondphase insulin secretion, as shown in Fig. 4(d) . This result indicates that those donors with robust improvement in first-phase insulin secretion tended to improve the second phase of insulin secretion as well. Next, we compared the OCR with the Seahorse metabolic analyzer after ML355 pretreatment [ Fig. 4(e) ] and observed that ML355 increased the OCR in response to glucose in human T2D islets [ Fig. 4(f) ].
Discussion
There is substantial evidence that the 12-LO pathway serves as a therapeutic target for preservation of b cells in T1D and T2D. The expression of ALOX12 is increased in islets of T1D and T2D, ALOX12 activation produces 12-S-HETE that impairs the viability and function of b cells, and gene deletion prevents hyperglycemia in various mouse models of T1D and T2D Fig. 2 ) comparing the OCR in human islets that were untreated (Cont), treated with PIC, or treated with PIC in the presence of ML355 for 24 hours (n = 3). (b) The OCR (as defined in the Methods) was compared among the Cont, PIC, and PIC plus ML355 groups, taking the average of the OCR in PIC-treated islets as 1. Data are mean 6 standard error of the mean (SEM), combining three donors each in triplicate (n = 9). (c) Insulin secretion measured by batch assay at indicated concentrations of glucose with or without 10 mmol/L of glibenclamide in the Cont, PIC-treated, and PIC plus ML3552treated human islets. Insulin secretion was expressed by taking the average insulin secretion at 1 mmol/L glucose as 1. Data are mean 6 SEM, combining four donors each in triplicate (n = 12). (d) Western blot compared total p38 (p38) and phospho-p38 (P-p38) in Cont, PIC-treated, and PIC plus ML3552treated human islets. The representative blot and the density of P-p38 corrected for p38 are shown (n = 3). (e) GSIS measured by batch assay at the indicated concentration of glucose in Cont, PIC-treated, PIC plus ML3552treated, and PIC plus SB203580 (p38i)2treated human islets. Insulin secretion was expressed by taking the average insulin secretion at 1 mmol/L glucose as 1. Data are mean 6 SEM, combining two donors each in duplicate or triplicate (n = 4 to 6). *P , 0.05; **P , 0.01; ***P , 0.005 by Student t test. (3, 7, 8, 16) . Here, we demonstrated that ML355, a highly selective, new-generation, small molecule ALOX12 inhibitor, prevented the impairment of GSIS by PIC in nondiabetic human islets. Previously, we reported that an early generation of less-selective ALOX12 inhibitors, compounds 5 and 9, preserved GSIS in PIC-treated human islets (24) . The current study further confirmed that the activation of the 12-LO pathway plays a key role in the impairment of GSIS during islet inflammation. Because ML355 holds high promise for in vivo use with superior ADME, its efficacy for islet protection under diabetogenic stress supports its future clinical utility in b cell preservation in diabetes. Importantly, we demonstrated that the ALOX12 inhibitor ML355 improved GSIS in human islets from T2D donors.
The mechanism by which ML355 improved the GSIS of PIC-treated islets appears to involve several targets. Although PIC treatment reduced the insulin content of human islets incubated in high glucose, human islets coincubated with ML355 showed insulin content similar to that of human islets not treated with PIC. It was previously reported that short-term incubation of human islets with glucose increased proinsulin production (29) . Considering that insulin gene expression was not different between the groups (data not shown) and that the change in insulin content between low and high glucose was observed within 1 hour, ML355 likely preserves the efficiency of insulin production at the ER. Of note, activation of the 12-LO pathway was previously shown to cause ER stress (30) . ML355 also prevented the reduction of the OCR by PIC in human islets, indicating that ML355 preserves mitochondrial health and supports ATP production. At the same time, insulin secretion in response to glibenclamide was improved with the addition of ML355 in PIC-treated human islets, indicating that the integrity of the secretory pathway after K ATP channel closure is better preserved by inhibition of ALOX12. Collectively, ML355 prevented the impairment of functional parameters in PIC-exposed human islets through multiple pathways. This is not surprising given that islet inflammation associated with diabetes activates a wide array of stress pathways, including ER stress, mitochondrial dysfunction, and oxidative stress (3).
p38-MAPK is a stress response kinase known to be activated by multiple stressors, including PIC and hyperglycemia in b cells (31, 32) . The activation of p38-MAPK in b cells treated with PIC is thought to contribute to b cell dysfunction, partly through the production of inducible nitric oxide synthase (33) . We showed that ML355 was effective in blocking the activation of p38-MAPK by PIC in human islets and that ML355 was efficacious in preserving GSIS as a p38-MAPK inhibitor. It is important to determine whether 12-LO inhibitors such as ML355 effectively block p38-MAPK activation in response to other stimuli implicated in b cell dysfunction in diabetes, such as glucolipotoxicity.
Because the first phase of GSIS is critically important for the maintenance of glucose homeostasis, we performed perifusion to comprehensively assess the effect of 12-LO inhibition on two phases of GSIS in PIC-treated human islets and human islets from T2D donors. As shown in Fig. 2 , the first phase was significantly reduced by PIC in human islets but was better maintained by preincubation with ML355, whereas the second phase showed a similar trend but failed to reach statistical significance. Overall, ML355 seems to be effective in preserving not only the total amount of insulin secreted (stimulation index) but also the dynamics of GSIS (first phase) in PIC-treated human islets.
Regarding human islets from T2D donors, we previously noted that blunting of the first phase is a key feature of T2D donor islets compared with nondiabetic human islets (12) . In vitro treatment of ML355 improved the first-phase response of human islets from T2D donors, whereas the effect of ML355 on the second-phase response varied. However, islets from T2D donors with large improvement in the first-phase of GSIS also showed a trend toward increased second phase as well. Considering that ALOX12 expression of T2D islets varies (12) and that T2D human islets contain donors at variable stages of the disease, future studies to identify the parameters associated with robust responses to ML355 will be helpful. This information will be important when considering future clinical trials using 12-LO inhibition for the improvement of b cell function in T2D. When reported, hemoglobin A1c level was not overtly elevated in our T2D donors, indicating well-controlled diabetes, mild disease, or secondary effects from chronic illness ( Table 1) . Although perifusion and/or the OCR showed impaired response to glucose, as expected in our cohort of T2D islets, future studies to test the efficacy of ML355 in islets from human T2D donors with overtly elevated hemoglobin A1c levels will be important. Nevertheless, it is intriguing that short-term in vitro incubation with ML355 produced significant improvement in GSIS and OCR in T2D islets.
Because the current study of human islets was limited to a short-term in vitro setting, the long-term effects of ML355 on human islets need to be established in a model such as human islets transplanted in immunodeficient mice or humanized mice expressing a human form of ALOX12.
In summary, a new, highly selective, small molecule inhibitor of the 12-LO pathway improved b cell function in human islets under inflammatory conditions and in islets from T2D donors. Our results further support the key contribution of the 12-LO pathway in the development of b cell demise in T1D and T2D. Furthermore, the 12-LO inhibitor may serve as a therapeutic option to preserve b cells under diabetogenic stress along with other anti-inflammatory therapeutics such as IL-1b and nuclear factor kB2targeted molecules (34) .
